Age-related skeletal muscle dysfunction is a leading cause of morbidity that affects up to half the population aged 80 or greater. Here we tested the effects of increased mitochondrial antioxidant activity on age-dependent skeletal muscle dysfunction using transgenic mice with targeted overexpression of the human catalase gene to mitochondria (MCat mice). Aged MCat mice exhibited improved voluntary exercise, increased skeletal muscle specific force and tetanic Ca 2+ transients, decreased intracellular Ca 2+ leak and increased sarcoplasmic reticulum (SR) Ca 2+ load compared with age-matched wild type (WT) littermates. Furthermore, ryanodine receptor 1 (the sarcoplasmic reticulum Ca 2+ release channel required for skeletal muscle contraction; RyR1) from aged MCat mice was less oxidized, depleted of the channel stabilizing subunit, calstabin1, and displayed increased single channel open probability (P o ). Overall, these data indicate a direct role for mitochondrial free radicals in promoting the pathological intracellular Ca 2+ leak that underlies age-dependent loss of skeletal muscle function. This study harbors implications for the development of novel therapeutic strategies, including mitochondria-targeted antioxidants for treatment of mitochondrial myopathies and other healthspan-limiting disorders.
A ge-dependent muscle weakness is a leading cause of morbidity due to frailty, loss of independence, and physical disability that is associated with increased risk of falls and fractures (1, 2) . In geriatric populations age-dependent muscle weakness, characterized both by loss of lean muscle mass (sarcopenia) and reduced skeletal muscle function (3) (4) (5) , has been estimated to affect 30-50% of 80-y-olds (1, 2, 4) .
The 'free radical theory' of aging, first proposed in 1956 by Harman (6) , states that an underlying mechanism of age-dependent pathology is the accumulation of partially reduced forms of oxygen (7, 8) , collectively known as reactive oxygen species (ROS). Mitochondria are a major source of cellular ROS (7, 9) and have been proposed to play a key role in age-dependent loss of skeletal muscle function (3, 7, 10) , likely through the production of oxidative damage (11, 12) . However, the molecular mechanisms underlying this process have not been fully determined.
Skeletal muscle contraction is dependent upon release of intracellular Ca 2+ via the sarcoplasmic reticulum (SR) Ca 2+ release channel, ryanodine receptor 1 (RyR1). Following membrane depolarization, voltage-sensing Ca 2+ channels in the transverse tubules (Cav1.1) activate RyR1 and the ensuing rise in cytoplasmic [Ca 2+ ] causes muscle contraction via the actin-myosin cross bridge cycle (13) . The RyR1 is a homotetrameric protein complex composed of four monomers, kinases, a phosphatase (PP1), phosphodiesterase (PDE4D3), calmodulin, and the RyR1 channel-stabilizing subunit calstabin1 (FK506 binding protein 12, FKBP12) (14) . Posttranslational modifications of the channel, including oxidation, cysteine-nitrosylation, and cAMP-dependent protein kinase Amediated phosphorylation have been linked to impaired Ca 2+ handling and perturbed contractility in chronic muscle fatigue, heart failure and muscular dystrophy (13) (14) (15) . Furthermore, we have recently reported that both oxidation of RyR1 and the subsequent intracellular Ca 2+ leak underlie the age-dependent reduction in skeletal muscle specific force (10) . Acute induction of RyR1-mediated SR Ca 2+ leak with rapamycin, which competes the channel-stabilizing subunit, calstabin1, off from RyR1 (14, 16) , resulted in defective mitochondrial function associated with elevated free radical production (10) . However, the role of mitochondrial ROS in age-dependent reduction in skeletal muscle function and exercise capacity has not been elucidated.
Recently, there have been numerous efforts to study mitochondria-derived free radicals in health and lifespan by experimentally expressing catalase, which catalyzes the decomposition of hydrogen peroxide to water and oxygen, in the mitochondria. This has been done using in vitro models (17) , adeno-associate viral vectors (AAV) (18) , and most recently by genetically engineering its overexpression in mice (19) . These transgenic mice, MCat mice, in which the human catalase is targeted to and overexpressed in mitochondria, display a 10-20% increase in maximum and median lifespan (19) , reduced age-related insulin resistance (20) , and attenuated energy imbalance.
Because mitochondrial targeted overexpression of catalase results in reduced mitochondrial ROS (19, 20) , we used the MCat mouse model to investigate the relationship between antioxidant activity and skeletal muscle aging and subsequent functional decline. Aged MCat mice displayed improved voluntary exercise, increased skeletal muscle specific force, increased tetanic Ca 2+ transients, reduced intracellular Ca 2+ leak and increased SR Ca 2+ load compared with age-matched wild-type (WT) littermates. RyR1 channels from aged MCat mice were less oxidized, depleted of calstabin1 and exhibited increased single channel open probability (P o ). Furthermore, pharmacological application of an antioxidant to aged WT RyR1 reduced Significance Age-related muscle weakness has major adverse consequences on quality of life, increasing the risk of falls, fractures, and movement impairments. Albeit an increased oxidative state has been shown to contribute to age-dependent reduction in skeletal muscle function, little is known about the mechanisms connecting oxidation and muscle weakness. We show here that genetically enhancing mitochondrial antioxidant activity causes improved skeletal muscle function and voluntary exercise in aged mice. Our findings have broad implications for both the aging and muscle physiology fields, as we present an important molecular mechanism for muscle weakness in aging and skeletal muscle force regulation. A.U., G.S., and W.X. contributed equally to this work. 2 To whom correspondence should be addressed. Email: arm42@columbia.edu.
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1412754111/-/DCSupplemental. SR Ca 2+ leak. We have therefore identified mitochondria as a source of ROS involved in the RyR1 oxidation underlying ageassociated skeletal muscle dysfunction.
Results
Six-month-old and 24-mo-old MCat and WT littermates were housed individually for 3 wk in cages equipped with running wheels, and voluntary running performance was recorded. Aged MCat mice exhibited significantly increased running distance relative to age-matched WT mice (Fig. 1A) . This finding correlated with increased time spent on running wheels (Fig. 1B) .
To better characterize MCat mice versus WT controls, we performed Masson's trichrome staining on the tibialis anterior muscle. There was no significant difference in the amount of muscle fibrosis when comparing age-matched MCat vs. WT littermates ( Fig. S1 A and B) , nor was there a difference in muscle cross-sectional area (Fig. S1C) . Interestingly, extensor digitorum longus (EDL) muscle weight was lower in aged MCat than in age-matched WT littermates (Fig. S1D) .
Because MCat mice overexpress human catalase in their mitochondria, mitochondrial integrity was analyzed with electron microscopy. EDL muscle from 24-mo-old WT mice exhibited a significant decrease in cristae density relative to young WT mice ( Fig. S2 A and B) . Such a decrease was not observed in aged MCat mice, indicating healthier mitochondria in these mice. Following this trend, mitochondrial ATP synthesis was significantly increased in skeletal muscle mitochondria from aged MCat mice relative to age-matched WT littermates (Fig. S2C) . Furthermore, aged MCat flexor digitorum brevis (FDB) muscle fibers exhibited reduced mitochondrial ROS levels compared with aged WT (Fig. S2D) .
To ensure that genetically enhancing mitochondrial catalase reduced oxidative stress on proteins in skeletal muscle we measured advanced oxidation protein products (AOPP). AOPP are uremic toxins created during oxidative stress through the reaction of chlorinated oxidants, including chloramines and hypochlorous acid, with proteins (21). The AOPP content of aged MCat mice was significantly lower than that of WT littermates (Fig. S2E ). Consistent with these data, the oxidative stress in skeletal muscle nuclear and mitochondrial DNA has been previously reported to be significantly lower in aged (26-29 mo) MCat mice relative to aged WT mice (19) . Similarly, the incidence of mitochondrial DNA deletions associated with oxidative damage is lower in aged (18-22 mo old and 33 mo old) MCat mice relative to age-matched WT littermates (19) .
Because muscle force production is an essential determinant of exercise capacity (22), we hypothesized that this parameter would be affected by the decreased oxidative stress conferred by mitochondrial overexpression of catalase. To test the hypothesis that mitochondrial ROS contribute to age-dependent reduction in skeletal muscle force generating capacity we measured force in EDL muscles from young and aged WT and MCat mice. Isolated EDL muscles were electrically stimulated to contract and force production was measured and normalized to crosssectional area (yielding a measure of muscle specific force; Fig. 2 A-D). There were no significant difference in specific force between young WT and MCat muscles. However, EDL muscle from aged MCat mice exhibited significantly higher specific force than muscles from WT littermates ( Fig. 2 A-D ).
An additional marked feature of skeletal muscle that may account for changes in exercise capacity is its susceptibility to fatigue. Measurement of EDL muscle fatigability was thus accomplished by repeatedly stimulating isolated EDL muscles to tetanic contraction and recording force. The degree of force reduction during fatigue was not different between aged WT and MCat muscles ( Fig. S3 A  and B) . Furthermore, skeletal muscle twitch contraction was not different among these groups (Fig. S3C) .
Appropriate SR Ca 2+ release is essential to skeletal muscle contraction, and we thus studied tetanic Ca 2+ transients in enzymatically dissociated FDB muscle fibers loaded with the fluorescent Ca 2+ indicator, Fluo-4 AM. Cells were electrically stimulated to produce tetanic contractions and fluorescence was recorded. Ca 2+ transients in aged WT and MCat myocytes were markedly reduced relative to young cells. However, this age-dependent reduction in Ca 2+ transients was significantly improved in aged MCat myocytes ( Fig. 3 A-E) . These changes in Ca 2+ transients were found in the absence of a significant difference in resting Ca 2+ . Ca 2+ content was measured ratiometrically in cells simultaneously loaded with Fluo-4 and Fura-Red and paced to tetanic stimulation (Fig. S4A) . These results are consistent with our in vivo and ex vivo observations on exercise performance and improved muscle function in aged MCat mice ( Figs. 1 and 2) .
A major event in skeletal muscle excitation-contraction coupling is Ca 2+ reuptake by the SR Ca 2+ ATPase 1 (SERCA1 ] to baseline levels of ∼100 nM, thereby causing relaxation. SERCA1 is tightly regulated by its redox state, and its activity is reduced in aged murine skeletal muscle (23) . Thus, we hypothesized that enhanced SERCA activity mechanistically underlies the enhancement of skeletal muscle function in aged MCat muscle. However, activity of SERCA1 in aged WT skeletal muscle was not significantly different from that in aged MCat littermates (Fig. S5A) . Furthermore, there was no significant difference in SERCA1 tyrosine nitration in MCat vs. age-matched WT littermates (Fig. S5 B and C) . Overall SERCA1 expression in WT vs. MCat littermates was consistent throughout (Fig. S5 D and E) .
We and others have shown that SR Ca 2+ leak is associated with impaired exercise capacity, defective Ca 2+ handling, and dysfunctional skeletal muscle performance (15, 24) . To test the hypothesis that RyR1-mediated SR Ca 2+ leak is decreased in aged MCat mice, we measured Ca 2+ sparks in permeabilized FDB muscles (25) . We found a significant reduction in Ca 2+ spark frequency in aged MCat muscles compared with WT littermates (Fig. 4 A and B) . Additionally, SR Ca 2+ leak was measured in skeletal muscle microsomes preloaded with Fluo-3. Energized Ca 2+ load was initiated by adding 0.5 mM ATP and the time course of Ca 2+ uptake was detected spectrophotometrically. After the Ca 2+ uptake had reached a plateau, 1 mM thapsigargin was added to inhibit SERCA activity, and the resultant Ca 2+ leak was monitored. We detected reduced SR Ca 2+ leak using this alternate method of detection in SR vesicles isolated from aged MCat muscles relative to aged WT littermates (Fig. 4 C and D) . Application of the RYR-specific drug, ryanodine, demonstrated RyR1 specificity (Fig. S4B) .
Depletion of the SR Ca 2+ store is a consequence of increased SR Ca 2+ leak in aged skeletal muscle (26) . Therefore, we hypothesized that reducing oxidative stress by genetically enhancing mitochondrial catalase activity would prevent this Ca 2+ depletion in MCat mice. Although SR Ca 2+ load was reduced in aged WT and MCat relative to their young counterparts, aged MCat muscle exhibited significantly higher SR Ca 2+ load than aged WT (Fig. 4E) . Thus, it is likely that the reduced SR Ca 2+ leak measured in aged MCat mice (Fig. 4 A-D) results in increased SR Ca 2+ load, which enhances tetanic Ca 2+ (Fig. 3 A-D) and skeletal muscle force production ( Fig. 2 A-D) .
Preserved RyR1-calstabin1 interaction is linked to reduced SR Ca 2+ leak (10, 14) . Furthermore, RyR1 oxidation and cysteine nitrosylation decrease the binding affinity of calstabin1 for RyR1 (27, 28) , eventually resulting in leaky channels associated with intracellular Ca 2+ leak and increased Ca 2+ sparks. Oxidationdependent posttranslational modifications of RyR1 affect skeletal muscle force generating capacity and this is a key mechanism in age-dependent muscle weakness (10). We therefore examined whether age-dependent oxidative remodeling of the RyR1 macromolecular complex is reduced in MCat mice. RyR1 from aged and young EDL muscles were immunoprecipitated and immunoblotted for components of the RyR1 complex and concomitant redox modifications (10, 14) . Age-dependent RyR1 oxidation and cysteine-nitrosylation were both reduced in MCat skeletal muscle, and there was more calstabin1 associated with channels from aged mutant animals compared with WT littermates ( Fig. 5 A and B) . Overall expression of neither RyR1 nor calstabin1 was altered in aged WT relative to aged MCat muscles (Fig. S5 D and E) . The relative free thiol content was measured using the specific free thiol-labeling agent, monobromobimane (mBB), in the presence of the pharmacological antioxidant DTT (29) . The free thiol content of aged MCat muscle was significantly higher than that of aged WT littermates, indicating reduced RyR1 Cys-oxidation in the aged MCat muscle (Fig. S6 A and B) .
Of interest, reduced RyR1 cysteine nitrosylation in an increased antioxidative environment such as that found in 2-y-old MCat muscle is consistent with the emerging evidence indicating an interplay between Ca 2+ and oxidative/nitrosative stress (30) . Moreover, it has been reported that reactive nitrogen species can substantially modulate catalase and other antioxidant enzymes in skeletal muscle (8, 31, 32) . Thus, catalase overexpression may down-regulate cellular levels of nitroxide free radicals, thereby impacting cysteine nitrosylation of RyR1.
The relative effects of calstabin1 depletion, nitrosylation and oxidation on RyR1 activity were dissected with a ligand-binding assay using the RyR1-specific probe, ryanodine, as has been previously published (33) (35) with calstabin1 +/− the RyR stabilizing rycal drug, S107, significantly reduced RyR1 activity ( Fig. S7 A-C) . To assess the single channel properties of RyR1 in its remodeled state, SR membranes were prepared from EDL muscles and fused to planar lipid membrane bilayers, and Ca 2+ fluxes through RyR1 channels were recorded (10, 36) . The open probability (P o ) of skeletal muscle RyR1 channels from young mice was low, as expected for normal skeletal muscle RyR1 channels (Fig. 5 C and D) . In contrast, skeletal muscle RyR1 channels from aged WT mice exhibited a significantly increased P o relative to those from aged MCat mice (Fig. 5 C and D) .
Finally, we used a pharmacological approach to demonstrate the causative role of RyR1 oxidation in the described skeletal muscle phenotype. Application of the antioxidant, DTT, to aged murine skeletal muscle caused a significant reduction in the DNP signal associated with immunoblotted RyR1 (Fig. 6 A and B) . SR Ca 2+ leak (Fig. 6C ) and RyR1 Ca 2+ sparks (Fig. 6D) were both reduced in aged WT muscle after application of DTT. Therefore, the aged MCat muscle phenotype is likely a result of the antioxidant activity of mitochondrial catalase overexpression.
To rule out the potential influence of oxygen tension, which has been reported to affect RyR1 function (37), we determined that pretreating microsomes with N 2 gas had no significant effect on SR Ca 2+ leak in aged skeletal muscle (Fig. 6C) . These data are supported by a more recent study investigating the effects of pO 2 on the activation of RyR1 by NO (38) . Although another group found that RyR1 activity is incrementally increased from low (1%) to ambient (20%) O 2 , these experiments were conducted on muscle from young mice. RyR1 from aged muscle are highly oxidized (10) and thus a change from low to ambient O 2 levels should not have a significant effect on the oxidation state of the already oxidized channel. Given the fact that young RyR1 activity can increase upon exposure to ambient O 2 levels, the difference between young and aged RyR1 would further increase in the case of low O 2 exposure (38).
Taken together, our data indicate that reducing oxidative stress by genetically enhancing mitochondrial catalase activity in skeletal muscle improves muscle function in aged mice by reducing the loss of calstabin1 from the channel complexes, thus improving channel function. This enhanced channel function results in improved tetanic Ca 2+ and skeletal muscle specific force in aged mice.
Discussion
In the present study we use a genetic model with enhanced mitochondrial antioxidant activity (MCat mouse model) to investigate the effects of increased antioxidative capacity on age-dependent loss of skeletal muscle function and Ca 2+ signaling. Our results indicate that MCat mice exhibit reduced age-dependent loss of muscle function. We thus provide compelling evidence for a direct role of mitochondrial free radicals in promoting the pathological intracellular Ca 2+ leak that underlies age-dependent loss of skeletal muscle function.
Although it has been determined that ectopic catalase overexpression in mitochondria using AAV-9 confers enhanced treadmill performance (18) , as measured by exhaustion-limited running distance, neither the underlying mechanism of this observation, nor the effects on age-dependent changes have been reported. Importantly, although RyR1 oxidation has been causally implicated in the reduction of specific force generating capacity in mammalian skeletal muscle (10) , the source of these oxidative changes has not been fully established. In the present study we show that mitochondrial ROS is a functionally consequential source of these age-dependent oxidative changes to RyR1. Indeed, mitochondrial targeted overexpression of catalase improves both whole organism (exercise capacity), and skeletal muscle (specific force) performance, and prevents age-dependent reduction in Ca 2+ transients, reduces age-related biochemical modifications of the SR Ca 2+ release channel, and decreases SR Ca 2+ leak. Furthermore, application of a pharmacological antioxidant to aged skeletal muscle reduces age-dependent SR Ca 2+ leak. A growing body of evidence indicates that RyR is tightly regulated by posttranslational modifications involving remodeling of the RyR macromolecular complex (27, 28, 39, 40) . Our laboratory has previously shown that RyR1 channels are oxidized, cysteinenitrosylated and depleted of calstabin1 in muscular dystrophy (14) and in senescence (10) , and that these modifications have functional consequences on the Ca 2+ release channel (15) . Intriguingly, here we show that not only age-dependent RyR1 oxidation, but also cysteine nitrosylation is reduced in MCat mice. This finding is consistent with reports that uncovered the capacity of reactive nitrogen species to regulate catalase activity in skeletal muscle (31, 32) . Thus, catalase overexpression may down-regulate cellular levels of nitroxide free radicals, thereby impacting cysteine nitrosylation of RyR1. The redox-specific posttranslational modifications that were attenuated in aged MCat mice were consistent with reduced RyR1-mediated SR Ca 2+ leak. This is in agreement with studies in which prolonged exposure to NO donors has been shown to increase the SR Ca 2+ leak and resting cytosolic Ca 2+ in voltage-clamped mouse FDB fibers (41) . Additionally, inhibiting RyR1-mediated SR Ca 2+ leak results in rescue of age-dependent increase in spontaneous releases of SR Ca 2+ (Ca 2+ sparks) in permeabilized FDB muscle fibers, as shown in aged MCat muscle fibers in the present study.
We conclude that mitochondrial ROS have a causative role in mediating age-dependent redox modifications of RyR1 and consequently play a key role in the regulation of age-dependent loss of skeletal muscle function. Not only do our results have substantial translational implications for the development of novel therapeutic strategies, such as mitochondria-targeted antioxidants for treatment of mitochondrial myopathies, ROS mediated muscular dysfunctions and other healthspan limiting disorders (12, 42) , we also present a molecular mechanism for age-dependent skeletal muscle weakness and regulation of musculoskeletal force generation.
Materials and Methods
See SI Materials and Methods for additional and detailed descriptions.
Ethical Approval. The use and maintenance of mice was in accordance with Columbia University Institutional Animal Care and Use Committee regulations and with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (43) .
Statistics. In all of the experiments mice were coded to 'blind' investigators with respect to genotype. The sample size (n in each group) for each experiment is stated in the figure legends. Data are expressed as mean ± SE (SEM), unless otherwise indicated. To determine statistical significance, we used two-way ANOVA and comparison t test, as appropriate. Bonferroni post hoc testing was performed where applicable. Minimum statistically significant differences were established at P < 0.05. ] in young WT (n = 6), aged WT (n = 5), young MCat (n = 7), and aged MCat (n = 5) channels. Data are mean ± SEM (*P < 0.05, **P < 0.01 vs. young WT, # P < 0.05, # P < 0.01 vs. aged WT, ANOVA). 
